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Summary
Nicotine elicits dopamine release by stimulating nico-
tinic acetylcholine receptors (nAChRs) on dopaminer-
gic neurons. However, a modulation of these neurons
by endogenous acetylcholine has not been described.
We recorded, in vivo, the spontaneous activity of do-
paminergic neurons in the VTA of anaesthetized wt
and nAChR knockout mice and their response to nico-
tine injections. Deleting a7 or b2 subunits modified the
spontaneous firing patterns, demonstrating their di-
rect stimulation by endogenous acetylcholine. Quanti-
tative analysis further revealed four principal modes of
firing, each depending on the expression of particular
nAChR subunits and presenting unique responses to
nicotine. The prominent role of the b2 subunit was fur-
ther confirmed by its selective lentiviral reexpression
in the VTA. These data suggest a hierarchical control
of dopaminergic neuron firing patterns by nAChRs:
activation of b2*-nAChR switches cells from a resting
to an excited state, whereas activation of a7*-nAChRs
finely tunes the latter state but only once b2*-nAChRs
have been activated.
Introduction
Mesolimbic dopaminergic (DA) neurons are involved in
the reinforcing effect of natural rewards (Schultz, 2002)
and drugs of abuse, including nicotine (Di Chiara,
2000). These neurons project from the ventral tegmental
area (VTA) to various structures including nucleus ac-
cumbens (NAcc) and prefrontal cortex (PFC). Like other
drugs of abuse, nicotine increases dopamine (DA) levels
in the NAcc. While nicotinic acetylcholine receptors
(nAChRs) are expressed throughout the central nervous
system, this increase has been demonstrated to result
from a direct stimulation of nAChRs present in the VTA
(Nisell et al., 1994; Maskos et al., 2005).
VTA DA neurons exhibit a patterned spontaneous
firing activity, described as a continuum between two
distinguishable rhythms: a slow regular single spike fir-
ing and a bursting mode (Grace and Bunney, 1984a,
1984b). Regular spiking emerges from intrinsic mem-
*Correspondence: changeux@pasteur.fr (J.-P.C.); phfaure@pasteur.
fr (P.F.)brane potential oscillations (Kitai et al., 1999). The
burst-firing pattern is absent in midbrain slice prepara-
tions, suggesting that it critically depends on the afferent
networks of the DA neurons (Grace and Onn, 1989; Lacey
et al., 1989). These networks include glutamatergic affer-
ents, originating in part from the PFC and also the cholin-
ergic and glutamatergic neurons in the tegmental pedun-
culopontine nucleus and in the laterodorsal tegmental
nucleus (Kitai et al., 1999; Diana and Tepper, 2001; Flor-
esco et al., 2003; Lodge and Grace, 2006). Even though it
is now clear that multiple regulatory systems modulate
DA release (Floresco et al., 2003), the burst-firing mode
generates particular interest since it causes a substan-
tially larger increase of DA release than regular spiking
(Gonon, 1988) as well as a more effective activation of im-
mediate early genes in DA target areas (Chergui et al.,
1996, 1997). Furthermore, the transition from regular
firing to bursting activity has been associated with alert-
ing or anticipatory phases of reward (Schultz, 2002) or
with the inappropriate stimuli of addictive drugs
(Di Chiara, 2000).
The responses of DA neurons to endogenous ACh and
exogenous nicotine are mediated by nAChRs expressed
on three distinct cell types (Figure 1A; Klink et al., 2001;
Champtiaux et al., 2003; Wooltorton et al., 2003; Jones
and Wonnacott, 2004): (1) on the DA neurons them-
selves, (2) on the VTA GABAergic interneurons, and (3)
on excitatory or inhibitory inputs from various brain
structures (Overton and Clark, 1997; Diana and Tepper,
2001). nAChRs are well-characterized transmembrane
allosteric oligomers composed of five identical (homo-
pentamers) or different (heteropentamers) polypeptide
chains arranged symmetrically around an axis perpen-
dicular to the membrane (Changeux and Edelstein,
2005). Ten different types of subunits are expressed
in the mammalian brain. Yet, because of the relatively
limited selectivity of available nicotinic agonists and an-
tagonists, it is difficult to assess, on pharmacological
grounds alone, the contribution of nAChRs of defined
subunit composition to the control of VTA neurons and/
or nerve terminals.
Nicotine enhances burst firing of DA neurons in rats
(Grenhoff et al., 1986). This effect has been proposed
to result from activation of a7*-nAChR located presyn-
aptically on glutamatergic afferents causing increased
release of glutamate onto the DA neuron cell body re-
gion acting on N-methyl-D-aspartate (NMDA) receptors
(Schilstro¨m et al., 1998, 2000, 2003). On the other hand,
recent data obtained in midbrain slice preparations (Pic-
ciotto et al., 1998) or in vivo (Grenhoff et al., 1986; Schil-
stro¨m et al., 2003) suggest that the stimulatory effect of
nicotine on the firing rate of DA cells is mediated largely
by b2-subunit containing nAChR (b2*-nAChR).
To unravel the respective roles of different nAChR
subunits in the responses of midbrain DA neurons to en-
dogenous ACh and to nicotine, we have recorded,
in vivo, the firing characteristics of these cells in anaes-
thetized C57Bl/6 mice and in mice lacking the b2- or a7-
nAChR subunits before and after intravenous nicotine
injection. Surprisingly, the data reveal an unexpected
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912Figure 1. Firing Properties of VTA DA Neu-
rons in wt Mice
(A) Schematic afferent connection to VTA DA
cell and distribution of b2* and a7* nAChR
subunits. Inward (Na+ and Ca2+) and outward
(K+) conductances contribute to the intrinsic
membrane potential oscillation (marked
by w). A single action potential is fired at
the peak of the oscillation and oscillatory be-
havior and calcium entry cause an after spike
hyperpolarization (AHP) that prevents bursts
and results in a regular pacemaker rhythm.
This basic rhythm is then modulated by (1) af-
ferent GABAergic inputs originating from lo-
cal interneurons, and from other structures
such as the nucleus accumbens (NAcc), (2)
glutamatergic afferents, originating in part
from the prefrontal cortex (PFC) and also
the cholinergic and glutamatergic neurons
in the tegmental pedunculopontine nucleus
(TTP). Functional b2* nAChRs and a7*
nAChRs have been identified on VTA DA cell
somata as well as on GABAergic interneu-
rons. Furthermore, histochemical labeling
studies confirmed the presence of a7* at glu-
tamatergic terminals.
(B) Sample raw traces of two types of neuro-
nal firing, i.e., single-spike regular firing
(above) and burst firing (middle). A typical
burst starts with a short (< 80 ms) and ends
with a long interval (> 160 ms).
(C) (Left) Mean firing frequency (Hz) against
percentage of spikes within a burst (%SWB)
for n = 38 individual cells. Four main groups
of cells, each associated with a color, can
be distinguished. Color is determined using
clustering techniques. Dashed lines delineate
empirical and illustrative limits between the
four types of firing.
(D) Example of interspike histogram (in ms)
for four cells belonging, respectively, from
top to bottom, to HFHB (green circle), LFHB
(red), HFLB (blue), and LFLB (black) groups
(see text). n corresponds to the total number
of spikes used to determine the histogram.
Vertical lines indicate, respectively, bound-
aries for onset and end of bursts.differential contribution of the two subunits, which we
interpret in terms of a hierarchical control of DA neuron
firing pattern.
Results
Four Main Modes of Extracellular Firing Patterns
of DA Neurons in wt Mice
Extracellular single unit recordings (Figure 1B) were ob-
tained from 38 neurons in anesthetized wt mice. All of
them met the three criteria used to identify VTA DA cells
(see Experimental Procedures). Overall, DA cells fired at
an average rate of 3.626 0.33 Hz, with a continuum of fir-
ing patterns between two extreme cases corresponding
to regular (Figure 1B, left) or burst firing pattern (Fig-
ure 1B, middle and below; see Experimental Procedures
for definition of bursts). We found that 18.32% 6 3.57%
(mean 6 SEM) of spikes were within a burst (%SWB),
a percentage ranging, in individual cells, from 0% to
80%. Their average length was 3.146 0.52 action poten-
tials, with the majority of them occurring in two spike-
burst doublets. The relation between firing rate and%SWB was complex. Indeed, burst onset (interval lower
than 80 ms) corresponded to ‘‘atypical’’ (i.e., far from the
mean) intervals in a population of cells with almost regu-
lar firing rates up to about 8 Hz (Grace and Bunney,
1984b). In cells with higher rates, an increased propor-
tion of spikes from an irregularly firing cell would trigger
detection of a burst, even though these intervals simply
reflected variability (Hyland et al., 2002). We show that
four main modes of firing pattern could be distinguished
(Figure 1C) on the basis of a partitioning of firing rates
and %SWB data set (n = 38). Each mode was associated
with a characteristic interspike interval distribution (Fig-
ure 1D) and distinct coefficient of variation (CV). It also
corresponded to four different relationships between
rate and %SWB:
(1) The low-frequency and low-burst firing LFLB (n =
19, black points) was characterized by a firing rate
lower than 5 Hz and a %SWB lower than 20%.
Most of interspike interval distributions (CV =
12.1%6 2.4%) were unimodal, with some of them
being skewed with longer tails for long intervals.
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(n = 8, red) was characterized by a firing rate lower
than 5 Hz and a %SWB in the range of 20%–60%.
It corresponded in general to true bursting
cells, with bimodal distribution and longer tails
corresponding to long periods of silence (CV =
25.6% 6 5.7%).
(3) The high-frequency and low-burst firing HFLB
(n = 8, blue) had high frequency (>5 Hz) and low
bursting (<40%). It corresponded to a regular pat-
tern with small coefficients of variation (CV =
6.7% 6 5.7%), i.e., narrow distributions produc-
ing a small number of bursts and high frequency.
(4) Last, the high-frequency and high-burst firing
HFHB (n = 3, red point) corresponded to high
%SWB and high frequency (CV = 13.5%6 0.7%).
In our recording sessions, most neurons discharged
stably in a single mode. Clear transitions between differ-
ent spiking modes were rarely (n = 1) observed (see Ex-
perimental Procedures). Therefore, data presented in
Figure 1C give a snapshot in control conditions of the fir-
ing modes recorded in a population of VTA DA cells. This
categorization is of importance since it was differentially
altered in mutant mice and subserved different modes of
responses to nicotine injection.
Altered Spontaneous Firing Patterns
in b22/2 and a72/2 Mice
In order to assess the contribution of defined nAChR
subunits to these spontaneous firing modes, the activity
of VTA DA neurons was recorded, under the same con-
ditions, in b22/2 and a72/2 nAChR adult mice. Three
consecutive analyses were then performed on interspike
intervals (ISI) series. We first compared the distribution
of individual cell ISI in the mutant versus wt (Figure 2A).
This analysis did not require the definition of thresholds,
as for the burst-detection method. We then quantified
these distributions on the basis of the frequency and
%SWB parameters, first separately (Figure 2B) and
then one against the other (Figure 2C).
In b22/2 mice analysis of individual DA cell (n = 38)
ISI cumulative probability (Figure 2A) revealed a re-
duction of short intervals: the percentage of intervals
shorter than 80 ms was significantly lower (p < 0.05)
than in the wt mice. Furthermore, neurons exhibited
a significant decrease in both their firing rate and
%SWB. Their means decreased respectively, from
3.62 6 0.33 to 2.05 6 0.22 Hz (mean D = 1.56 Hz, t test;
t = 3.94; p = 0.00017) and from 18.32% 6 3.57% to
3.81% 6 0.894% (mean D = 14.49%SWB; W = 1065;
p = 0.00096). Finally, cells with a non-null %SWB (n =
35/38) had, on average, 2.63 6 0.25 spikes in a burst,
a value which is statistically different from those ob-
served in wt (Wilcoxon test; W = 377.5; p = 0.03). The fir-
ing pattern of b22/2 DA neurons thus corresponded al-
most exclusively to the LFLB mode (Figure 2C, middle).
In contrast, only limited effects were observed in re-
cordings of a72/2mice. No statistically significant differ-
ences were found in a72/2 versus wt neurons (n = 36),
neither in cumulative probability of ISI (Figure 2A) nor in
their firing rate (3.78 6 0.41 mean D = 0.16 Hz, t test;
t = 0.32; p = 0.75) or %SWB (23.9 6 5.16 mean D = 5.58
Hz, Wilcoxon test; W = 745; p = 0.51; Figure 2B). How-ever, a more detailed inspection of DA neuron firing
patterns in a72/2 mice revealed the absence of neurons
(0/36) with a burst level ranging between 15% and
40%, while 9/38 of them were observed in wt under the
same conditions. Neurons in the range 0%–15%, 15%–
40%, and 40%–100% were then compared in wt (n =
22, 9, and 7, respectively) and in a72/2 mice (n = 25, 0,
11) using a chi-square test. The analysis revealed (p =
0.0066; Pearson chi-square test) that in a72/2 mice, DA
neurons displayed a bimodal distribution of behavior,
with cells exclusively in the LFLB and HFHB modes
(Figure 2C). Neurons in the two other modes were no
longer found. Overall, in the a72/2 mice we observed no
major changes in frequency nor in bursts, yet there was
a significant change in the relationship between these
two parameters.
Lentiviral Reexpression of b2 Subunits Restores
the wt Firing Pattern in b22/2 Mice
To further examine the specific role of b2*-nAChRs, we
selectively reexpressed the b2-subunit in the VTA of
b22/2 mice (VEC mice) using a genetically engineered
lentiviral vector (Maskos et al., 2005). Analysis of firing
pattern (Figure 3A) revealed that the initial difference ob-
served between b22/2 and wt mice disappeared in VEC
mice (Figure 3B). The mean firing rate (2.95 6 0.35;
n = 30) and the %SWB (12.13 6 2.42) went up to values
similar to the ones observed in wt (rate, mean D = 0.66
Hz, t test; t = 1.36; p = 0.18; %SWB, mean D = 6.2%,
Wilcoxon test; W = 703; p = 0.1). However, the recovery
of firing pattern was only partial: the differences noted
with b2-KO mice were significant for frequency (mean
D = 0.89 Hz, t test; t = 2.25; p = 0.028), but not for bursting
(mean D = 8.31%, Wilcoxon test; W = 447; p = 0.19).
On the other hand, the four modes of firing were recov-
ered (Figure 3B) in the VEC mice. In Figure 3A we show
an example of true bursting cells (LFHB) in VEC mice,
which is never observed in b22/2 mice. Overall, 6, 4,
and 1 (11/30) cells were found in LFHB, HFLB, and
HFHB, respectively. In summary, the total number of
neurons within (n = 19) or out (n = 11) of LFLB mode in
VEC mice differed from those found in b22/2 mice (37
and 2, respectively [p = 0.002, Pearson’s chi-square
test]), but not from those found in wt (19 and 19, p = 0.4).
The selective reexpression of the b2 subunit in the
VTA of b22/2 mice thus restores the wild-type firing pat-
terns, further providing support for endogenous ACh ac-
tivation of b2*-nAChRs.
Nicotine Responses in wt Mice
Systemic intravenous injection of nicotine in wt mice
caused a striking modification of the firing pattern in
95% of the tested neurons (18/19), producing an in-
crease of the firing rate and of the %SWB. On average,
30 mg/kg of nicotine raised the firing rate by 1.09- to
6.4-fold (from Wilcoxon signed rank test; p = 1.144e-05)
and the %SWB by 1.6% to 86% (from Wilcoxon signed
rank test; p = 0.00042). The mean time course of firing
rate responses and %SWB are illustrated in Figures 4A
and 4B, respectively. The effect lasted for 10 to 15 min
after drug delivery and was followed by a return to
preinjection levels in most neurons.
In order to follow responses of individual cells, we plot-
ted the initial firing state of the DA neurons prior to
Neuron
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Properties of VTA DA Neurons in Mutant Mice
(A) Interspike interval distribution observed in
the three mouse strains, wt, b2, and a7
knockout mice (from left to right). Each curve
in individual panels represents cumulative
probability for an individual cell.
(B) Cumulative distribution (top) of mean fre-
quency with barplot representation (inset,
mean 6 SEM) and (below) of percentage of
burst firing with boxplot representation, for
wt (n = 39 cells), b2 (n = 38), and a7 knockout
mice (n = 37) (NS: nonsignificant; *p < 0.05;
***p < 0.001).
(C) Mean firing frequency (Hz) against
percentage of spike within a burst (%SWB)
for the three populations (wt: black points;
b22/2: empty red circles; a72/2: empty blue
circles). Dashed lines delineate empirical
limits between the four types of firing ob-
served in wt mice.nicotine injection and their nicotine response in a %SWB
versus firing rate graph. The first point gave the basal
level before nicotine and the second the maximum effect
recorded in the presence of nicotine (see Experimental
Procedures). Individual results observed in 19 neurons
are illustrated in Figure 4C.
First, the graph illustrates the stability of the firing pat-
terns in the recorded cells. Indeed, the color code was
defined with data from the pretreatment period recorded
20 to 30 min before the nicotine control period. It shows
that few firing patterns fluctuated and that, except for
one cell (fast type, green point), for which a large de-
crease in bursting activity was observed, fluctuations
kept the cells within the same states (or at their bound-
aries). Second, the responses to nicotine revealed twomodes (Figure 4C, left): (1) an exclusive increase in firing
rate for cells in the ‘‘basal mode’’ (black points) and (2)
an increase, in both rate and %SWB for the others.
This is also evident in a variation plot (Figure 4C, right),
where most of the responses are in the upper right
quadrant.
Overall, we observed that the increase in firing rates
that follows nicotine administration was associated
with an increased bursting in cells initially in a ‘‘bursting
mode.’’ In contrast, the initially nonbursting neurons
(i.e., cells in a ‘‘LFLB mode’’—black points) responded
only with an increase in firing rate. This suggests that,
at least to some extent, nicotine elicited responses in
the VTA could be predicted by the firing patterns of
neurons during their basal activities.
Nicotinic Modulation of Dopaminergic Neurons
915Figure 3. Restoration of Firing Pattern after
Lentiviral Reexpression of the b2 Subunit
(A) (Left) Extracellular recording of VTA DA
cells illustrating burst recovery. One burst is
enlarged. (Right) Corresponding bimodal in-
terspike histogram (in ms). Vertical lines indi-
cate respective boundaries for onset and end
of burst.
(B) Cumulative distribution of mean fre-
quency (left) with barplot representation (in-
set, mean6 SEM) and of percentage of burst
firing (right) with boxplot representation (in-
set) for wt, b2 knockout mice, and VEC mice
(NS: nonsignificant; *p < 0.05; ***p < 0.001).
(C) Mean firing frequency (Hz) against per-
centage of spikes within a burst (%SWB) for
individuals cells in b22/2, VEC, and wt mice
from left to right, respectively.Nicotine Responses in b22/2 and a72/2 Mice
Nicotine elicited no modification of the firing patterns in
the b22/2 mice (Figure 5A, left). There was no change in
frequency (Wilcoxon signed rank test; p = 0.81). This re-
sult is consistent with previous results obtained in b22/2
mice, either on midbrain slices (Picciotto et al., 1998) or
in vivo (Maskos et al., 2005). In addition, we observed
no change in bursting activity (Wilcoxon signed rank
test; p = 0.1).
On the contrary, in a72/2 mice, DA neurons modified
their firing pattern after nicotine injection. The mean re-
sponse was a large rapid and short-lasting increase in fir-
ing rate (Figure 5A, right top) followed by a plateau corre-
sponding to a smaller increase (w0.2) and lasting around
10 min, and no modification of the %SWB (Figures 5A,
right below, and 5B, right). Increases in firing rate ranged
between 0 and 5.22, with a median of 0.15-fold (Fig-
ure 5B, left; Wilcoxon signed rank test; p = 0.026). Al-
though significant, this increase was reduced when
compared with the one observed after nicotine injection
in wt (Figure 5C left; Wilcoxon test; p = 0.01). No signifi-
cant effect was observed in %SWB (Figures 5B and
5C, right; Wilcoxon signed rank test; p = 0.68). This sug-
gests a dissociation between the effects of nicotine on
firing rate and on bursting. An additional essential feature
of the a72/2DA cell activity was the variability of their re-
sponse to nicotine injection (Figure 6, left). Indeed, indi-vidual responses were distributed throughout the four
quadrants of the variation plot (Figure 6, right) instead
of being concentrated in the upper right one as in wt
(Figure 5B, right). In a72/2mice, 30 mg/kg of nicotine de-
creased the firing rate in half of the cells (6/13) by 1.18- to
1.92-fold (mean 1.45-fold) and raised it in 7/13 cells by
1.09- to 6.4-fold (mean 2.01-fold). Finally, independently
from the nature of the modification (increase or de-
crease), a72/2 cells in the basal mode responded mostly
(8/10) as in wt by a modification of their firing rate only.
Cells in the fast mode modified both rate and %SWB
(3/3). To summarize, the most important differences ob-
served between a72/2 and wt after nicotine injection is
the occurrence of an inhibitory effect either on frequency
or bursting.
Discussion
Our data support a hierarchical modulation of DA neuron
firing patterns in the VTA by nAChRs, and as further
discussed below, this organization may be related with
behavioral characteristics observed in mutant mice
(Granon et al., 2003; Maskos et al., 2005).
Previous pharmacological experiments have sug-
gested a contribution of ACh on nAChRs to the sponta-
neous firing patterns of DA cells (Zachariou et al., 2001;
Schilstro¨m et al., 2003). Here, we first distinguished
Neuron
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(A) Extracellular recording of VTA DA cells obtained in two mice, illustrating modification of firing pattern after nicotine injection. Time of injection
is indicated by vertical line (+nic).
(B) (Left) Mean6 SEM of increased variation from baseline in firing frequency (see Experimental Procedures) and of difference in the percentage
of spike in burst of neurons (right) of wt (n = 19). (Inset) Boxplot representation of the maximum of variation from baseline, in frequency and of
%SWB, during spontaneous firing (con.), and after nicotine injection (+nic); ***p < 0.001 in paired t test.
(C) (Left) Representation of nicotine responses for all cells. Triangles represent mean firing rate and %SWB during control period, while points
represent the maximum of the responses. Color codes indicate the initial type of firing pattern of the cell (see Figure 1C). (Right) Representation
of the individual variation of frequency against differences in %SWB. The four quadrants in the plot (1-2-3-4), indicate, respectively (increase,
increase), (increase, decrease), (decrease, decrease) and (decrease, increase) in frequency and burst. Asterisk marks inhibitory responses.four modes of spontaneous firing in wt mice. (1) A low-fir-
ing without bursting mode (LFLB), (2) a ‘‘bursting’’ mode
with abundant bursts but a low frequency (LFHB), (3)
a ‘‘high-rate’’ mode with high frequency but low bursting
(HFLB), and (4) a ‘‘fast’’ mode with both high frequency
and high bursting (HFHB). These patterns were dramat-
ically modified in a7- and b22/2 mice. The observed
modifications raise the question of whether the deletion
of nAChR subunits affects basic metabolic or neuromo-
dulatory pathways (directly or throughout developmen-
tal processes) rather than acting solely on electrophysi-
ological properties of VTA DA cells. The lentiviral
reexpression experiment demonstrates the following:
(1) functional b2*-nAChRs expressed on cell bodies lo-
cated in the VTA and/or their axonal projections sufficeto recover frequency and bursting patterns in VTA DA
cells, thus suggesting that the b22/2mouse electrophys-
iological phenotype is not due to an irreversible develop-
mental alteration, nor to a lack of b2*-nAChR in other re-
gions of the brain; (2) the restoration observed at both
physiological and behavioral levels (Maskos et al.,
2005) supports the view that endogenous ACh acting
on nAChRs dynamically modifies the firing of DA cells,
a conclusion consistent with the recent demonstration
that tonic inputs from the LDTg nuclei, a prominent cho-
linergic input to the VTA, are fundamental to the regula-
tion of DA neuron activity (Lodge and Grace 2006). Our
results therefore support the conclusion that endoge-
nous ACh steadily modulates DA cell excitability via a dif-
ferential activation of the a7*- and b2*-nAChRs.
Nicotinic Modulation of Dopaminergic Neurons
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Nicotine in Mutant Mice
(Top) Extracellular recording of VTA DA cells
obtained in b2 (left) and a7 mutant mice.
Time of injection is indicated by vertical line
(+nic).
(Bottom) Mean 6 SEM % of increased re-
sponses in (upper panels) firing frequency
and (lower panels) difference in the percent-
age of spikes in bursts of neurons of b2 (left,
n = 5) and a72/2 (right, n = 13) mice. Gray
area represents the mean response observed
in wt.In b22/2 mice, the recorded firing patterns reveal
a global decrease of VTA DA cell excitability. These neu-
rons exhibit a lack of bursts and reduced firing fre-
quency, leaving only one mode (LFLB) of firing. This dra-
matic effect is most probably mediated by a reduction
of excitatory inputs, since an increased inhibition is
unlikely, loss of nAChRs being supposed to reduce
GABAergic neuron activity (Mansvelder et al., 2002;
Mansvelder and McGehee, 2002). The present data,
thus, support a potent endogenous activation by ACh
of postsynaptic b2*-nAChRs located on the somatoden-
dritic arborization of DA neurons. The resulting depolar-
ization could facilitate the opening of NMDA receptors
through the release of the voltage-dependant Mg2+
block, thus increasing the excitability of the cell. In this
configuration the b2*-nAChRs would mediate a ‘‘switch’’
between a ‘‘basal’’ and an ‘‘excited’’ state of the DA neu-
rons. Accordingly, b2-nAChRs would not directly medi-
ate bursting activity but would only give access to such
patterns.
In b22/2mice, all the excited modes (HFLB, LFHB, and
HFHB) concomitantly disappear. On the other hand, in
a72/2 mice, the total number of cells in these excited
modes was identical as compared to wt, but their repar-
tition was different since in a72/2 mice, only the HFHB
mode was found. This suggests that this ‘‘HFHB mode’’
would rely only upon the activation of b2*-nAChRs,
whereas the LFHB and HFLB types would emerge from
the HFHB through the activation of a7*-nAChRs.
Two possible mechanisms may be considered for this
observation: (1) an increased glutamate release causedby presynaptic a7*-nAChR activation (Chergui et al.,
1993; Schilstro¨m et al., 2003); (2) an increased Ca2+ entry
through a7*-nAChR present on DA neuron somata and
the subsequent activation of Ca2+ dependent K+ chan-
nels (Kitai et al., 1999). In any case, these data support
a plausible but still hypothetical hierarchical control by
the b2*-nAChR of the DA neuron activity patterns ‘‘on
top’’ of a7*-nAChR activation.
Systemic administration of nicotine causes an activa-
tion of midbrain DA neurons by increasing both the rate
and the occurrence of burst-firing mode (Grenhoff et al.,
1986; Mereu et al., 1987). Until now, the contribution of
a7* and b2* in these effects has remained unclear, due
in part to the low selectivity of nAChR agonists or antag-
onists. Indeed, several nAChR subunits (a3–a7 and
b2–b4) are expressed in the VTA, on DA and GABAergic
cell bodies, and on presynaptic terminals (Klink et al.,
2001; Champtiaux et al., 2003). ACh and nicotine may
thus modulate firing of DA neurons at multiple sites (Kitai
et al., 1999) with possible opposing actions resulting in
a complex landscape of nAChRs functions in the VTA.
It has been proposed that nicotine elicits burst firing
through a7* by facilitating the presynaptic release of glu-
tamate, whereas nicotine’s effects on firing rate would be
mediated by non-a7* (Schilstro¨m et al., 2003). At this
stage, our results do not appear consistent with this
scheme. In b22/2 mice, the response to an intravenous
nicotine injection was totally abolished. This is consis-
tent with the previous hypothesis suggesting that b2*
mediates a switch between basal and excited states.
Yet, the presence of functional b2* nAChR in the VTA
Neuron
918Figure 6. Cell Responses to Nicotine Intrave-
nous Injection in a72/2 Mice
(A) Boxplot representation of maximum of in-
crease of firing rate (left) and bursting (right),
during baseline (con.) and after nicotine in-
jection (+nic) for a72/2 (*p < 0.05 in paired
Wilcoxon test).
(B) Boxplot representation of maximum of in-
crease of firing rate (left) and of bursting
(right), in wt and a72/2 (**p < 0.01 in Wilcoxon
test).
(C) Variability of individual responses (same
as Figure 3C). Modification of firing frequency
and %SWB observed after nicotine injection.
(Right) Representation of nicotine responses
for all a72/2 recorded cells, same as Fig-
ure 3C. Color codes indicate the initial type
of firing pattern of the cell. Asterisks indicate
cells with inhibitory effect.does not suffice to account for all the effects of nicotine
on DA neurons. Indeed, previous results revealed that,
even though the stereotaxic reexpression of the b2 sub-
unit in the VTA leads to the recovery of a response to nic-
otine, this response was found significantly shorter
(Maskos et al., 2005). This suggests that the sustained
firing of VTA DA neurons may rely on b2 expression
in additional structures present outside the VTA, such
as glutamatergic prefrontal cortex or pontotegmental
afferents. Finally, our data reveal an inhibitory response
to nicotine in a72/2mice. The response to a systemic in-
jection of nicotine is a net balance between both direct
nicotinic and glutamatergic excitations and GABAergic
inhibition, with a possible shift to the latter after removal
of a7* mediated glutamatergic excitation.
Our data suggest that a concomitant activation of a7*
and b2* may be a necessary requirement for the full ex-
pression of the sequence of events leading to nicotine
reinforcement. Furthermore, they are consistent with
the suggestion of a hierarchical role of the two subunits:
b2* would mediate a global tonic regulation of DA cells
by nicotine and endogenous ACh, while a7* would
more finely tune the response of these neurons.
At the behavioral level, we have shown that b22/2mice
exhibit decreased exploratory behavior compared to
wild-type (Granon et al., 2003), a feature rescued by tar-
geted expression of b2*-nAChRs in the VTA (Maskos
et al., 2005). Thus, the regionally specific reexpression
of high-affinity nAChRs in the VTA suffices for the resto-
ration of a cognitive behavior that may also be qualified
as curiosity, or interest to novelty. Here, we have pro-
posed that b2* behaves as a switch between a basal
state that remains weakly sensible to inputs and an ex-
cited state which shows easier responsiveness. With
b2*, the VTA is more reactive to external information, al-
lowing selection of adapted behavioral responses to the
environment (Changeux and Dehaene, 1989; Dehaeneand Changeux, 1991). Furthermore, we have shown
that the a7* also exerts a moderate effect on the firing
pattern of VTA DA cells. In agreement with these data,
behavioral studies of a72/2 mice do not reveal major
changes in the behavior of drug-naive mice, in tests
such as Pavlovian conditioned fear task, spatial learning,
prepulse inhibition, and exploratory activity (Naylor and
Wasterlain, 2005). However, it has been recently pro-
posed that functional a7* may be implicated in the regu-
lation of baseline rates of operant behaviors (Stolerman
et al., 2004). Thus, a possible role of these receptors
could be related to the phasic responses to unantici-
pated and sudden external stimuli.
Overall, the present data are compatible with the no-
tion that the circuits containing VTA, NAcc, and ventral
pallidum are involved in the expression of exploratory
and novelty-seeking behavior (Bardo et al., 1996; Ike-
moto and Panksepp, 1999). Further investigation of en-
dogenous cholinergic regulation of the VTA DA system
would then be crucial to understand the mechanisms re-
sponsible for the vulnerability to drugs of abuse (Gutkin
et al., 2006).
Experimental Procedures
Animals
Experiments were performed on wild-type (C57BL/6 strain), a72/2,
and b22/2 nAChR male mice, weighing between 25 and 30 g.
b22/2 mice were generated as described previously (Picciotto
et al., 1995). In each experiment, mice homozygous for the mutation
in the b2 subunit gene were paired with wild-type mice. All experi-
ments were performed on mice between 4 and 8 months of age.
a72/2 mice were generated by the targeted disruption of a7 sub-
unit gene using homologous recombination as previously described
(Orr-Urtreger et al., 1995). All electrophysiological experiments were
conducted on 4- to 9-month-old a72/2 mice backcrossed onto a
C57BL/6 background for ten generations. Heterozygous mice
were not studied.
partition for 36/38 neurons. Two neurons were associated with other
groups.
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sex were housed in cages containing a maximum of six animals.
Mice were housed in a 12 hr light/dark cycle and temperature-con-
trolled room (23ºC), with food and water available ad libitum. Mice
were tested between 08:00 am and 08:00 pm. Animal care and ex-
periments were conducted in accord with European Ethical Commit-
tee guidelines, and all efforts were made to minimize the number of
animals used and their suffering.
Lentivirus
The lentiviral expression vectors are derived from the pHR expres-
sion vectors first described by Naldini et al. (1996), with several sub-
sequent modifications as described in Maskos et al. (2005). In this
study, two different lentiviral vectors were used. In the first one, the
bicistronic expression of mouse wild-type b2 nicotinic acethylcho-
line receptor subunit cDNA and the eGFP cDNA is under the control
of the mouse phosphoglycerate kinase (PGK) promoter, and in the
second, used as control, only expression of eGFP cDNA is under
the control of the mouse PGK promoter. Mice aged 9 to 10 weeks
were anaesthetized using 250 ml of ketamine 1.5% (Merial, France)/
xylazine 0.05% (Bayer Healthcare, France) in PBS. The mouse was
introduced into a stereotaxic frame adapted for use with mice (Cun-
ningham and McKay, 1993). Lentivirus (2 ml at 50 ng p24 protein per ml
for b2-eGFP virus; 2 ml at 15 ng p24 protein per ml for eGFP virus) was
injected bilaterally at the following coordinates: anteroposterior,
23.4 mm; lateral,60.5 mm from bregma and24.4 mm from the sur-
face. All procedures were carried out in accordance with European
Commission directives 219/1990 and 220/1990 and approved by An-
imalerie centrale and Me´decine du travail, Institut Pasteur. The mice
were tested after 4 to 7 weeks of viral expression. As expected, no
differences were found between b2 KO mice and mice injected with
eGFP virus (n = 17 cells). Data were then pooled.
In Vivo Electrophysiology: Extracellular Single-Cell Recordings
Mice were anesthetized with chloral hydrate (8%), 400 mg/kg i.p.,
supplemented as required to maintain optimal anesthesia through-
out the experiment, and positioned in a stereotaxic frame (David
Kopf). Body temperature was kept at 37ºC by means of a thermostat-
ically controlled heating blanket. All animals had a catheter inserted
into their sapheneous vein for intravenous administration of drugs.
An incision was made in the midline to expose the skull. A burr hole
was drilled above the VTA (coordinates: between 3.56 0.3 mm pos-
terior to bregma and 0.5 6 0.3 mm lateral to midline [Paxinos and
Franklin, 2004]). Recording electrodes were pulled with a Narishige
electrode puller from borosilicate glass capillaries with outer and in-
ner diameters of 1.50 and 1.17 mm, respectively (Harvard Apparatus
Ltd.). The tips were broken under microscope control and filled with
2% Pontamine sky blue dye in 0.5% Na-acetate. These electrodes
had tip diameters of 1–2 mm and impedances of 4–8 MU. They were
lowered through the burr hole with a micro drive, and a reference
electrode was placed in the subcutaneous tissue. Electrical signals
were amplified by a high-impedance amplifier (Axon Instruments)
and monitored visually with an oscilloscope (Tektronix TDS 2002)
and audibly through an audio monitor (A.M. Systems Inc.). When
a single unit was well isolated, the oscilloscope sweep was triggered
from the rising phase of the action potential and set sufficiently fast to
display the action potential over the entire screen (usually 0.5 ms per
unit). Such continuous observation of the expanded action potential
provided assurance that the same single unit was being monitored
throughout the experiment. The unit activity digitized at 25 KHz
was stored in Spike2 program (Cambridge Electronic Design, CED,
United Kingdom).
The electrophysiological characteristics of ventral tegmental area
(VTA) neurons were analyzed in the active cells encountered by sys-
tematically passing the microelectrode in a stereotaxically defined
block of brain tissue including the VTA. Its margins ranged from
2.92–3.88 mm posterior to bregma, 0.24–0.96 mm mediolateral with
respect to the bregma point, and 3.5–4.5 mm ventral to the cortical
surface, according to the coordinates of Paxinos and Franklin
(2004). Sampling was initiated on the right side and then on the left
side. Each electrode descent was spaced 100 mm from the others.
Extracellular identification of DA neurons was based on their location
as well as on the set of unique electrophysiological properties that
characterize these cells in vivo: (1) a typical triphasic action potentialwith a marked negative deflection; (2) a characteristic long duration
(>2.0 ms); (3) an action potential width from start to negative through
R1.1 ms; (4) a slow firing rate (less than 10 Hz) with an irregular single
spiking pattern and occasional short, slow bursting activity. These
electrophysiological properties distinguish DA from non-DA neurons
(Grace and Bunney, 1983; Sanghera et al., 1984; Steffensen et al.,
1998; Floresco et al., 2003; Ungless et al., 2004). After a baseline re-
cording of 20–30 min, 10 ml saline (0.9% NaCl) was injected into the
saphenous vein intravenously (i.v.), and after 10 min, nicotine 30
mg/kg was administered i.v. at a fixed volume of 10 ml. The dose
has been chosen according to previous studies showing that nico-
tine can be intravenously self-administered at this dose in mice (Pic-
ciotto et al., 1995).
Drugs
The nicotine solution was prepared as follows: 0.5 mM of nicotine
tartrate was dissolved in a 0.9% NaCl solution and adjusted to pH
7.2 using NaOH. A preliminary study showed that an intravenous in-
jection of a control solution (0.9% NaCl/0.5 mM of KNa-tartrate) had
no effect on the electrophysiological characteristics of DA neurons
in wild-type animals.
Histological Verification of Electrode Placement
Upon completion of the experiment, a negative current of 5 mA was
applied to the electrode for approximately 5 min to mark the record-
ing site. The mouse was killed with an overdose of anesthetic (chlo-
ral hydrate 8%); the brain was removed and placed in a 10% parafor-
maldehyde/25% sucrose solution. VTA sections of 50 mm were cut
and stained with Neutral red (Sigma), and the recording sites were
verified by light microscopy. Recording sites were found in the
VTA in all experiments included in this study.
Data Analysis
Statistical analyses were performed using R, a language and envi-
ronment for statistical computing (Team, 2005). Clustering analysis
was performed using the package cluster.
DA cell firing in vivo was analyzed with respect to the average firing
rate and the percentage of spike within a burst (%SWB = number of
spikes within burst divided by total number of spikes). Neuron basal
activity was defined on the basis of at least four minutes or 500 spikes
of stable recording. The mean duration is 18 min 30 s in our 143 re-
corded cells, with 83% of duration longer than 10 min. Bursts were
identified as discrete events consisting of a sequence of spikes
with the following: (1) short intervals, (2) progressively decreasing
spike amplitude, and (3) a progressively increasing interspike dura-
tion. When considering extracellular recordings, most studies use
two criteria to automatically detect bursts: (1) their onset are defined
by two consecutive spikes within an interval lower than 80 ms, when-
ever (2) they terminated with an interval greater than 160 ms (Grace
and Bunney, 1984a, 1984b). Most of the cells are fairly stable during
the recording session. To confirm this point, we compared baseline
and activity just before nicotine injection. Thirty-seven cells received
nicotine injection that occurs 20 to 30 min after the recording part
used to define the specific firing category. When we compared base-
line and activity just before nicotine injection, a mean change of 0.37
Hz and of 6.1% for the mean frequency and %SWB were observed,
indicating the relative stability of the recording.
Firing Rate and %SWB Analysis
Distribution of the mean firing rate conforms with a normal distribu-
tion, while distribution of %SWB does not. Then, a two-sample t test
is used to compare mean firing rate in two populations while a non-
parametric Wilcoxon test is used for %SWB.
Firing Rate-%SWB Plot Partition
Activity of each neuron is represented by a point in a firing rate
against %SWB plot. Coordinate of the point is given by mean firing
rate and %SWB obtained during baseline. Data were partitioned us-
ing cluster analysis. Partitioning were tests with k = 2, 3, 4, and 5 clus-
ters. The best result, for which clusters are well separated from the
others, was obtained with k = 4. Agglomerative hierarchical cluster-
ing of the data set, another procedure for clustering, gave the same
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Firing rate and %SWB were evaluated using a 60 s moving window
and a 15 s time step. Each cell activity was rescaled by its baseline
value averaged during the 7 min before nicotine injection. Firing rate
x was expressed as variation from the baseline (xb) using (x 2 xb)/
xb. A variation of 1 indicates a 2-fold increase. Percentage of burst-
ing was expressed as the difference with the %SWB during baseline.
The results are presented as mean 6 SEM. The effect of nicotine
was tested using paired two-sample Wilcoxon test performed on
the maximum observed during baseline and after nicotine injection.
Results are presented as boxplot.
Effect of Nicotine on Firing Rate-%SWB Plot
For each cell, we plotted (data not shown) the firing rate against the
%SWB, obtained in successive moving windows of 60 s each (each
window is separated by 15 s). To sum up the effect of systemic nico-
tine injection, the individual rate-%SWB plot was normalized. Then
we took the more distant point as representative of the effect and
plotted for each neuron the transition from the basal level before nico-
tine to the maximum effect. The color code was defined with data
from the pretreatment period recorded 30 min before the nicotine
control period. The starting point represents baseline value aver-
aged during the 7 min before nicotine injection. Overall, only one
cell clearly changed (green cell, Figure 4C).
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